Neurospora crassa wild-type is almost unable to grow on glutamine as sole nitrogen and carbon source but a GDH-; GS* double mutant strain, lacking NADP-dependent glutamate dehydrogenase and partially lacking glutamine synthetase did grow. Under these conditions, the double mutant had a higher chemical energy content than the wild-type. Enzyme assays and labelling experiments with glutamine indicated that in the double mutant glutamine was degraded to ammonium and to carbon skeletons by glutamate synthase, the catabolic (NADHdependent) glutamate dehydrogenase and the glutamine transaminase-w-amidase pathway.
INTRODUCTION
Since glutamine is a nitrogen donor and the final product of ammonium assimilation in microorganisms, it plays a central metabolic role as a repressor of nitrogen catabolism. It has been shown that in Neurospora crassa glutamine is a negative regulator of nitrogen catabolism (Vaca & Mora, 1977; Marzluf, 1981) . Glutamine synthetase (GS) (EC 6.3.1.2) is composed of two polypeptides (Sinchez et al., 1980; Divila et al., 1980) and glutamine regulates the level of specific enzyme synthesis (Vichido et al., 1978) , which correlates with the amount of mRNA (Sinchez et al., 1978; Lara et al., 1982) . The carbon source also participates by regulating GS degradation . In N. crassa, glutamine, in addition to being assimilated by transamidation reactions, is converted into 2-oxoglutarate and ammonium by the enzymes of the glutamine transaminase-oamidase pathway (Calderbn et al., 1985) . In this pathway, glutamine is transaminated to yield different amino acids and 2-oxoglutaramate through the participation of a glutamine transaminase (T-Gln). Subsequently, the 2-oxoglutaramate is hydrolysed to 2-oxoglutarate and ammonium by the action of an o-amidase (Calderbn et al., 1985) . In this fungus, glutamine is also assimilated directly to a-amino nitrogen by the action of glutamate synthase (GOGAT) (EC 1.4.1.14), which synthesizes two molecules of glutamate (Calderbn & Mora, 1985) . The ammonium released by the glutamine transaminase-w-amidase pathway is assimilated by NADP-dependent glutamate dehydrogenase (NADP-GDH) (EC 1 .4.1.4) and also by GS, thus leading to the operation of a glutamine cycle (Calderh & Mora, 1985) . GOGAT also participates in cycling glutamine to glutamate (Calderbn & Mora, 1985) . As a result of the glutamine cycle, glutamate and glutamine are continually resynthesized (Calderbn & Mora, 1985) at the expense of carbon skeletons, reductive power and ATP. No glutaminase activity has been detected in N. crassa (Calderbn et al., 1985) . We have reported (Hernkndez & Mora, 1986) that cycling is necessary to maintain an optimal carbon flow from sucrose.
Glutamine assimilation by Neurospora crassa 270 1 and transferred to a medium containing 5 mwglutamine and 0.5 pCi ml-l (18.75 kBq ml-l) [U-14C]glutamate. After 90 min incubation the mycelium was collected and the amino acid content was determined as reported by Espin et al. (1979) ; the radioactivity incorporated in each amino acid was determined in a scintillation counter. Reproducibility ojresufts. The experiments reported were each repeated at least once; representative results are shown.
R E S U L T S
Growth ojthe wild-type strain and the double mutant strain G D H -; G S + on glutamine as a nitrogen and carbon source The N . crassa wild-type strain (74-A) grew very slowly on glutamine as a nitrogen and carbon source (Fig. 1 a) . Previously, we described a glutamine cycle in which glutamine is continually degraded and resynthesized in N . crassa (Calderon & Mora, 1985; Calderbn et al., 1989) . This cycle consumes NADPH and ATP for glutamate and glutamine synthesis, respectively. On this basis, we tested the capacity of the double mutant strain, lacking NADP-GDH activity and partially lacking GS activity (GDH-;GS*), to grow on glutamine as the sole nitrogen and carbon source. The double mutant strain did grow but the growth rate was slower than that on glutamine plus sucrose (Fig. 1 a) . The growth rate of the double mutant strain increased when the culture was optimally aerated by lowering the inoculum size (Fig. 1 b) . Even the wild-type strain could grow on glutamine as nitrogen and carbon source if the culture was inoculated at low cell density (Fig. 1 b) . The aeration was also modified by shaking at a low speed. When the wild-type and the double mutant strains were incubated with shaking at 100 r.p.m., their growth rates were lower even with a low inoculum (Fig. 1 c) . Under these conditions the double mutant strain showed a similar growth rate on glutamine as nitrogen and carbon source as on glutamine plus sucrose; however, the wild-type grew only on glutamine plus sucrose (Fig. lc) .
Chemical energy content, glutamine cycling enzymes, amino acid content and ammonium excretion
The NADH, NADPH, ATP and ADP contents were higher in the GDH-;GS+ double mutant strain compared to the wild-type strain, when these strains were incubated on glutamine as nitrogen and carbon source (Fig. 2) . The difference in total chemical energy was almost 200% when comparing the double mutant strain with the wild-type strain (Fig. 2) . The activities of the enzymes involved in glutamine cycling were measured. NAD-GDH activity was also determined since the conversion of glutamine to glutamate would supply this amino acid which can then be catabolized by NAD-GDH for the production of 2-oxoglutarate. As reported previously (Dantzig et al., 1978) , NAD-GDH and NADP-GDH are regulated by the carbon source. Table 1 shows that on glutamine as nitrogen and carbon source the wild-type strain had a low biosynthetic NADP-GDH activity, although this was at least 14-fold higher than in the double mutant strain. However, under the same conditions the catabolic NAD-GDH activity of the double mutant was 62% greater than that in the wild-type. The GDH-; GS+ double mutant strain catabolized glutamine efficiently, as indicated by the lower glutamine content (Table 2) .
GOGAT also participates in glutamine assimilation. As shown in Table 1 , GOGAT activity was 64% higher in the GDH-;GS+ mutant strain on glutamine without sucrose compared to the wild-type strain. In such conditions GOGAT activity is expressed despite the presence of a glutamate pool (Table 2 ) which has been shown to repress GOGAT in N. crassa (Hummelt & Mora, 1980b; Lomnitz et al., 1987) . As already reported (Divila et al., 1978) , the single mutant GS+ strain has 10-fold less GS activity than the wild-type strain. This was also true for the GDH-;GS+ double mutant strain growing in the presence of sucrose (Table 1) . Similar to NADP-GDH, GS activity was lower in the wild-type strain on glutamine compared to glutamine plus sucrose. Nevertheless, GS activity in the wild-type strain was 250% of that in the GDH-;GS* mutant strain growing on glutamine as nitrogen and carbon source.
In the GDH-;GS+ strain growing on glutamine alone as carbon and nitrogen source, 2-oxoglutarate could be supplied to the tricarboxylic acid cycle through the operation of GOGAT and the catabolic NAD-GDH activities (Table 1) . 
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Ammonium present in the culture medium was determined after 12 h growth. The cultures were grown with shaking at 250 r.p.m., the inoculum had an OD540 of 0.1. With glutamine as nitrogen and carbon source both the wild-type strain and the GDH-; GS* mutant strain excreted ammonium as the result of glutamine degradation; however, the double mutant strain excreted almost three times more ammonium than the wild-type (Table 3) .
We reported previously (Calderon et al., 1985) that in N . crassa glutamine is degraded by the glutamine transaminase-o-amidase pathway. Table 1 shows that T-Gln activity was present in the wild-type and the double mutant strain grown on glutamine in the presence or absence of sucrose; activity was 62% higher in the GDH-;GS+ strain growing on glutamine as nitrogen and carbon source as compared to the wild-type strain (Table 1) . Although low NADP-GDH and GS activities were present in the wild-type strain growing on glutamine without sucrose (Table l) , some of the ammonium released from glutamine must be incorporated since the GDH-and GS+ single mutant strains excreted 59% and 123%, respectively, more ammonium than the wild-type strain (Table 3 ) and did not grow as well as the GDH-; GS+ strain under such conditions (Fig. 1 a) .
Glutamine degradation and synthesis
The glutamine degradation pathways of N . crassa growing on glutamine as sole nitrogen and carbon source were demonstrated by incubating the wild-type and GOGAT-strains with [lT]glutamine and measuring C 0 2 production (Table 4 ). In the wild-type strain, DON, an inhibitor of amidotransferase and cu-amidase activities, lowered C 0 2 production by 93 %; when AOA, an inhibitor of aminotransferases was added, 14C02 release fell by 82% ( Table 3) . The amount of 14C02 released by the GOGAT-strain was only 39% of that released by the wildtype; DON inhibited by 90% and AOA inhibited by 83% the amount of 14C02 released by this strain (Table 4) .
These results indicate that glutamine is degraded to 2-oxoglutarate by GOGAT, the catabolic N AD-GDH and the glutamine transaminase-w-amidase pathway. Glutamine oxidation was also determined in the single mutants GDH-and GSk, in the double mutant GDH-; GS+ and in the wild-type strain. The mutant strains oxidized more glutamine than the wild-type strain. The wild-type strain and the single mutant strains oxidized more glutamine per mg of protein than the double mutant strain. However, total C 0 2 production was four times greater in the double mutant strain compared to the wild-type strain ( Table 5) .
Glutamine synthesis in the presence of glutamine as sole nitrogen and carbon source was demonstrated by incubating the wild-type and mutant strains with [ 14C]glutamate. Glutamine labelling in the wild-type strain was five and thirteen times greater, respectively, than in the GS + and GDH-; GS+ strains, in spite of the higher specific radioactivity found in glutamate (Table 6 ). This indicates that the ammonium that comes from glutamine degradation is sequentially converted to glutamine. The fourfold lower glutamine content in the GDH-; GS* strain in comparison with the wild-type strain (Table 2) indicates that glutamine cycling is severely impaired in the double mutant.
DISCUSSION
In N . crassa glutamine is degraded by the glutamine transaminase-o-amidase pathway to ammonium and 2-oxoglutarate (Calderbn et al., 1985) and the ammonium released by this pathway is assimilated by NADP-GDH and by GS, thus leading to the operation of a glutamine cycle by which this amino acid is continually degraded and resynthesized (Calderbn & Mora, 1985) . Glutamine is also cycled by GOGAT to glutamate (Calderbn & Mora, 1985) .
Although glutamine is converted to 2-oxoglutarate, this amino acid cannot be efficiently utilized as a nitrogen and carbon source by wild-type N . crussa , possibly because of the great expenditure of energy as a result of glutamine cycling (Calderbn & Mora, 1985) . There have been reports indicating that a great amount of energy is expended in glutamine synthesis. It has been shown that when ammonium is added to an ammonium limited culture of E. coli, there is a burst of glutamine synthesis which imposes a drastic drain on ATP; the accumulated glutamine activates the enzymes for GS inactivation by adenylylation and thus the ATP pool is replenished (Wohlhueter et al., 1973) . Fisher et al. (1986) reported that in Bacillus subtilis, the presence of the herbicide glyphosate results in the largely futile utilization of significant amounts of phosphoenolpyruvate and ATP. The dramatic ability of L-glutamate and L-glutamine to increase glyphosate resistance in B. subtilis fits in with a possible consequence of energy drain on nitrogen assimilation.
We used a double mutant lacking NADP-GDH and partially lacking GS in order to prevent the waste of energy and carbon skeleton drain in the synthesis of glutamate and glutamine. This GDH-;GS* double mutant strain grew on glutamine as sole carbon and nitrogen source while the wild-type grew only very slowly. The GDH-and GS f single mutants also grew only slightly on glutamine alone, indicating that the synthesis of both glutamate and glutamine contributes to this effect. Better growth of the wild-type strain and the double mutant was obtained in culture conditions of high aeration suggesting that substrate oxidation is a limiting process for growth on glutamine as nitrogen and carbon source. The higher glutamine content of the wild-type strain was proof that the differences in growth between the wild-type and the GDH-;GS* strains were not due to a difference in the uptake of glutamine.
All the enzymes that catabolize glutamine to glutamate, or ammonium and 2-oxoglutarate were present at higher activities in the GDH-;GS* mutant compared to the wild-type when grown on glutamine as nitrogen and carbon source; however, the enzymes that assimilate ammonium were present at higher activity in the wild-type. These differences were reflected in a threefold higher ammonium excretion by the double mutant when compared with the wild-type strain.
Although a higher rate of glutamine oxidation in the GDH-;GS* strain than in the wildstrain might be expected, the higher COz production by the wild-type strain can be explained if the energy from glutamine oxidation is expended on glutamine cycling in the wild-type strain, which cannot happen in the double mutant. The latter is confirmed by the higher excretion of
ammonium on glutamine as nitrogen and carbon source and the decrease of glutamine resynthesis under these conditions in the double mutant. Futile cycles may not be entirely futile since they can be considered as metabolic processes that uncouple catabolism from anabolism and, although they waste energy, they compensate for variations in the carbon supply (Tempest & Neijsell, 1987) . In this sense, glutamine cycling is a futile cycle when N . crussu is grown on glutamine as sole nitrogen and carbon source but it is necessary in order that glutamine can be utilized as a carbon source (Hernhdez & Mora, 1986 ). The differences in growth between the wild-type and the GDH-; GS* strains can be explained as the result of sparing carbon skeletons and energy when glutamate and glutamine synthesis is severely impaired.
A higher ATP, ADP, NADH and NADPH content was observed in the GDH-; GS * strain in comparison with the wild-type strain. This suggests that consumption of ATP by GS for glutamine synthesis and NADPH by the NADP-GDH for glutamate synthesis is very high and that a mutant strain which lacks these enzyme activities can save energy which can, in turn, be used for cell growth. Moreover, when growth on ammonium is inhibited by the GS inhibitors glycine or methionine sulphoximine the intracellular concentration of ATP is higher after a short period of incubation, as compared with non-inhibited growth on ammonium (Mora et ul., 1988) .
On the basis of the results presented here, and taking into account the absence of NADP-GDH and GS activities in the GDH-;GS* strain, we infer that glutamate that comes from glutamine by the GOGAT reaction can be preferentially degraded through the catabolic NAD-GDH to 2-oxoglutarate since less of this compound is used in glutamate and glutamine synthesis compared with the wild-type strain. In a similar way, the 2-oxoglutarate that comes from the glutamine transaminase-w-amidase pathway can also be preferentially diverted to the tricarboxylic acid cycle instead of being used to synthesize glutamate. No glutaminase activity is found in N . crussu (Calderbn et ul., 1985 (Calderbn et ul., , 1989 ).
Although we found that the biosynthetic NADP-GDH and GS activities were very low in the wild-type strain growing on glutamine as nitrogen and carbon source, the better growth, the higher ammonium excretion and the decrease in glutamine synthesis in the GDH-; GS * strain indicates that the synthesis of glutamate and glutamine by NADP-GDH and GS is important to spare carbon skeletons and chemical energy.
